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ABSTRACT

Méasﬁfements of,precipifating protons and light ion densities by
experiments on 0GO-4 indicate that widespread proton precipitation
occurs in pre-dawn hours during the magnetic storm initial phase from
the latitude of the high-latitude ion trough, or plasmapause, up to
A>75° A softening of the proton spectrum is apparent as the plasma-
pause is approached. The separation of the low-latitude precipitation
boundaries for 7.3 kev and 23.8 kev pr;tons is 5'10, compared with a
3.6° separation which has been computed using the formulas of Gendrin
and Eather and Carovillano. Consideration of probable proton drift
morphology leads to the conclusion that protons are injected in pre-
dawn hburs, with widespread precipitation occurring in the region out-
side the plasmapause. Protons less energetic than ~ 7 kev drift east-
ward, while the more energetic protons drift westward, producing the

observed dawn-dusk asymmetry for the lower-energy protons.
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INTRODUCTION

It has been shown by Russell and Thorne (1970) and Cole (1970)

that, near midnight, ring current protons build up just outside the

plasmapause, This result was based on proton measurements near the

equatorial plane on 0GO-3 by Frank (1967). Russell and Thorne (1970)

found further tha;, during the ring current decay, the’eaﬁatorial préton
flux maximum coincided with the expanding plasﬁapause. Recently, gégﬂ-
wall et al (1971) have noted, from measurements on a low-altitude polar
satellite, that the precipitation maximum for > 40 kev and > 80 kev pro-..
tons dccurfed just equatorward of the field line intersecting the equatorial
plasmapauSe. Generally, the measurements at high latitudes and in the -
equatorial plane'which they compared were separated by several hours in'.
1oéél time and universal time. Neveftheless, the late evening observations
did appear consistently to show a précipitationfmaximum‘inside~the plasma-
pause. In predawn hours the precipitation maximum appeared to occur out-:
side the plasmapause in the one case in which'the:precipitation maximum,

was located. This behavior was regarded by Cornwall et al as possibly

an anomalous effectbdué to the wide separation in longitude of the high-
latitude and equatorial measurements.

In a recent abstract, g}nningham (1972) has reported precipitation
of isotropic prdtons of ring current ehergieé in the morning and evening
hours. At lower latitudes, on field lines intersecting the equatorial - .
plasmapausé and low-altitude electron density depression, Winningham
observed lower energy protons, peaked at o =”90o, with energies from 5 ev

to 15 kev.
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The purpose of the preseﬁt étudy is to assoéiate pféton pfecipitation
profiles measured by 0GO-4 in pre dawn hOurs durlﬁg the initial phase of
two magnetic storms with the position of the high- latitude light ion trough,
or plasmapause. Comparisons w1th near-simultaneous measurements in the
late evening sector and in the low-altitude polér cusp are made and pbssible

proton injection and drift morphology deduced.

PROTON OBSERVATIONS ON MAY 7, 1968

Interplanetary and surface magnetic conditions for May 7, 1968 are
shown in Figure 1. The initial phase of the storm began with a sudden
commencement at approximately 00:30 UT. 0GO-4 data from three successive
high-latitude passes (4179, 4180 and 4181) were obtained during the initial
phase, with pass 4179 beginning approximately 5 minutes after the sc. No
significant substorm activity occurred during the entire ~ 4 hr. period
of these observations, although the interplanetary magnetic field (IMF)
was southward for approximately 1% hrs. following the sc. The IMF then
turned northward and remained northward until after 0GO-4 pass 4181,
when it again turned southward, producing widespread substorm activity
and the main phase. Only very weak proton precipitation was observed
during pass 4179 (orbit shown in Figure 2) except in the region of the
dayside polar cusp. However, intense proton precipitation was observed
over a wide latitudinal range in pre-dawn hours during the next two passes,
the first of which began approximately two hours after the sc.

Figure 3 shows the precipitation profile for pass 4180, which occurred

approximately 2 hours after the sudden commencement, following the first
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perlod of southward IMF. The satelllte passed through the reglon of

- ae iy well ik omenda o w g SOTGTL SRR
polar cusp proton prec1p1tat10n at approx1mate1y 02 23 UT. The proton

doennd Yo i - . . AT L %,

energy spectra and proton fluxes observed durlng thlS pass through the

MR

polar cusp are typlcal for all passes through thlS reglon durlng qu1etw
or dlsturbed t1mes. However the complete reglon of polar cusp proton
4o Mow s Lo

prec1p1tat10n could be much w1der in 1at1tude than is apparent in Flgure

3, since the fluxes at lower and h1gher 1at1tudes could be below the

. .
-

OGO 4 thresholds which are shown‘by the horlzontal base 1lnes.

In pre dawn hours w1despread proton prec1prtat1on.was:seenlln pass
4180 near 4 hrs. MLT. This precipitation extendedwgron at‘least A : §5A
mdown toTA ~'66 Slmultaneous measurements‘on OGO 4 of the llght ion
‘den51ty proflle (courtesy of H. A Taylor Jr ) show that the He+ den31ty
.began to rise above its 1ow level in the hlgh 1at1tude trough at precisely

the 1at1tude of the 0. 7 kev proton prec1p1tat10n boundary. For these

local tlmes it has prev1ously been shown by Grebowsky et al (1970) ‘that

the same field line. B

- Other features to note invF;gureu3_are‘the;hardenlng\of‘the proton
energy -spectrum foward lower.latitudes, with a verymenergetic_speetrug::
containingusigniﬁicant,fluxes“atigBTServ%observed near_thewlqwilat;tude
cutoff. Note.that_theA7.3.kev.flugesphave,been;shiftedfupward ‘PYréurr
factor of 3 in the figure, sinceﬁfluxes at‘7,3 and.23{8tkev,were,ot_coq-
parable intensities. It is also. apparent lnnFigure,3vthat the lowery
energy protons extended to lower latitudes,vwlthﬂthe;hneesArn the.0,7:

and 23.8 kev profiles separated by AA ~ 2°.
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Fluxes of 2.3 kev protons are not éhown for the pre-dawn portion
of pass 4180 since they were very close to the threéhold level of
2 x 105 cm™2 ster™! kev'l sec'l, and never rose above 10°.

The sharp contrast between the proton energy spectra seen in pass
4180 in the polar cusp and in pre-dawn hours, and the fact that the
polar cusp fluxes are always seen while the pre-dawn precipitation has
only been found during large magnetic storms indicate that the pre-dawn
precipitation is not produced by injection thfough the polar cusp and
subsequent westward drift.

A similar behavior of the precipitating proton and light ion density
profiles was observed in pass 4181, which is shown in Figure 4. However,
the separations between the precipitation boundaries are somewhat smaller
than in the previous example. This pass occurred ~ 30 minutes before
the start of the main phase and just before the southward turning of the

interplanetary magnetic field.

INTERPRETATION

The proton precipitation behavior shown in Figures 3 and 4 is con-
sistent, in a qualitative sense, with a model in which plasma sheet
protons are convected inward toward regions of higher magnetic field
strength, being energizéd by adiabatic compression. The observations
reported here for protons with pitch angles near 0° indicate that strong
pitch angle diffusion occurs from near the plasmapause out to at least

A = 75° in the morning hours. ' \



The near coincidence of the precipitation.bound-
aries ‘and the plasmapause noted in Figures 3 and 4 suggests that  protons
in the equatorial plane are present only Outside the plasmapause. This -
is reasonable near .the local time of injection, since a particle cannot
cross the plasmapause by electric field drifts. The lower energy protoﬁs
are dominated by E x B drifts and thus cannot cross the plasmapause.. The
magnetic drifts of higher energy protons could carryAthem across the .
plasmapause, since these drifts oppose the electric field drift due to °
corotation.

Deeper penetration into the plasmasphere can occur for these more
energetic protons at local times remote from the injection region if the.
plasmapause cuts across: magnetic drift shells. However, the plasmapause
is aligned nearly along a constant L surface’ in the morning hours. There-
fore, significant crossing of the plasmapause should occur chiefly in .
pre-midnight hours, as the plasmasphere bulge is approached.

The near coincidence of the plasmapause .and the 0.7 kev precipitation
boundary in Figures 3 and 4 indicates that,  as discussed above, the pre-
cipitation boundary probably coincides with a proton boundary in the
equatorial plane. The higherh1atitud¢_ppegipitation boundaries at 7.3
kev and 23.8 kev could then result from the separation of equatorial
proton boundaries, or~A1fvép layers, produced by coupled convection and

precipitation as described by Kennel (1969) and Wolf (1970). Alternatively,
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the equatorial boundary separations could be less than the separations
between the precipitation boundaries which may then be produced as pre-

dicted by Eather and Carovillano (1971).

- Eather -and Carovillano noted that isotropic:ptoton precipitation
requires. that the time (tp) for diffusion from the edge of the equatorial
loss cone to o =-0° must be less than one-half bounce periodi(T%);u In
a region of uniform background plasma density and spectral wave -intensity
in a dipole field, this generally results in earthward. precipitation
boundaries which lie at higher latitudes as the'protdn energy is increased.
Using the equations derived by Gendrin (1968) it is.possible to assess
such a model in terms of the observations of Figures 3 and 4.

As mentioned above, there is evidence that the 0.7 kev precipitation
boundary coincides with an equatorial boundary and the condition T < T%
obtains throughout the 0.7 kev population. Then, assuming that the 7.3
kev boundary results from violation of the above condition, one can pre-
dict where the condition will be violated for 23.8. kev protons, producing -
a precipitation boundary at'that energy.

The following assumptions are made:

(1) All pitch angle diffusion takes place in ‘thé equatorial plane

- (see Kennel and Petschek, 1966).

(2) Energy diffusion'is negligible within the equatorial loss cone

(2 - 3° wide)(see Eather and Carovillano, 1971).

(3) v = v| inside the equatorial loss cone, where v and v ‘are the

proton velocity and velocity along B, respectively.
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2
(4) The relative magnetospheric spectral intensity q&g spectrum

measured by Holzer et al (1966) is appropriate for ion

cyclotron waves. Based on the mathematical fit to the data

by Eather and Carovillano (1971), this relationship is,

%% @f=2+56 0.35 Hz < £ < 10 Hz.

(5) The magnetic field is a perfect dipole.

(6) The 7.3 kev precipitation boundary is located-at A = 65°.
(7) The equatorial ion density is 1 cm™3.

Requiring Tp = Ty for 7.3 kev protons at A = 65° (L = 5.6), we ‘can

solve for the required ion cyclotron spectral intensity. With velocity

in units of the Alfven velocity, the condition for ion cyclotron resonance
is (Gendrin, 1968),
v 3
vy=_2 1)
vg2 - 1
where ) is the phase velocity of the wave, which is negative (anti-
parallel to v}) for interactions of protons with left-hand waves. Using

the diffusion coefficient derived by Gendrin (1968), the pitch angle

diffusion rate can be calculated from,

25 =1.6x103 & L1 - Ygvlys 9
< ()2 > x ED vy - - LR o 2)

The equatorial loss cone for L = 5.6 is approximately 3.45° (Eather and
Carovillano, 1971). Under assumptions (2) and (3) above, we can set

Ao = 3.45° and At = Tp = Ty where (Hawmlin, 1961),

T, = 29.1 L (1.30 - 0.56 sin o) E% (3)

%
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The resonant wave frequency in units of the proton gyrofrequency is given

by £= -(1 - V||/v¢(,)_l (Gendrin, 1968; Kennel and Petschek, 1966). The

condition Tp = Ty then requires a spectral wave intensity of 0.015y2/Hz
at the 7.3 kev resonant frequency of 1.8 Hz. This intensity is in

reasonable agreement with the measurements of Holzer et al (1966) which

indicated an intensity of A40.016y2/Hz at 1 Hz (Eather and Carovillano,

1971). Under assumption (4) above, the spectral intensity at the 23.8
kev resonant frequency (at L = 5.6) of 1.5 Hz is .024y2/Hz. Inserting
this value into equation (2) above results in a value for T of 1140 sec,
while T% = 43.4 sec. As one moves to larger values of L, T% increases
while T decreases due to the combined effects of a shrinkage of the

equatorial loss cone and a decrease of the proton gyrofrequency, hence
b2

an increase in Equality of Tp and T% for 23.8 kev protons occurs
at L ~ 7.5 or A ~ 68.6°. Therefore, under the above assumptions one
would expect a 3.6° separation between the 7.3 kev and 23.8 kev precip-
itation boundaries, rather than the 5'10 separation seen in Figures 3
and 4. The smaller separation could result, however, if the spectral

wave intensity spectrum were somewhat steeper than that measured by

Holzer et al (1966).

Note in Figures 3 and 4 that a slight contraction of the plasmasphere
amounting to about 1° occurred between orbits 4180 and 4181. This inward
motion continued through the next 0GO-4 pass, although no proton data
are available. It is, therefore, unlikely that the sharp precipitation
boundaries were produced by the plasmasphere expanding outward into the

existing proton population, depleting it by rapid precipitation induced
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by the high baékground plasma density of the plasmasphere. Instead, the
location of the plaémapauée aﬁd thé varidus ﬁrecipitation boundaries
appear to move in concert as a result of the impreSSed magnetospheric
elecfric'field,'with étrong pitch angle diffusion oé?urring thfoughout
the proton popﬁlation.

Taking a‘repfesentative plasmapause position of 65° at MLT = 3 hrs.
for Figures 3 and 4; approximate drift velocities can be calculéted using
the formulas of ghgg (1970) for a dipole field with corotation and dawn-
dusk electric fiélds; The dawn-dusk'électric field appropriate to this
plasmapause location is 0.1 mv/m. Using eq. (4) of ghgg (1970) for
equatorial particles, dfiftAvelocities near the plasmapause location are
westward for 7.3 and 23.8 kev protons and>eastward for 0.7 and 2.3 kev
protons. Therefore, the injection region for the higher energy protons
is probably located between 3-4 hrs. MLT and dawh,‘since, in this simple
model the radial component of the combined electric field drifts reverses
from negative to positive at dawn, precluding any further incréase of
particle energ}, hence gradient drift velocity. The expected éeparation
of low and high energy protons in the pre-dawn quadrant should result in
a large dawn-dusk asymmetry for low energy protons. Support for this con-
clusion has been found in observations during the initial phase of another

magnetic storm on November 16, 1968.

PROTON OBSERVATIONS ON NOVEMBER 16, 1968
Interplanetary and surface magnetic conditions for November 16, 1968,

are shown in Figure 5. The initial phase of the storm began with a sudden
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commencement at 0916 U.T. A series of six 0GO-4 passes occurred during
thg initial phase. Data from the third of these are shown in Figure 6.
Unfortunately, experiment turn;off occurred in all of these decreasing
latitude passes at too high a latitude for determination of the equator-
ward precipitation boundaries in pre-dawn hours. However, the general
pattern of widespread proton precipitation from A < 70° out to A > 75°
was observed on all of these passes. Proton measurements at o ~ 30° and
90° indicated the same general behavior on all six passes as is seen in
Figure 6; that is, a pitch angle distribution for 2.3 kev protons which
became more isotropic toward higher latitudes.

Late in the initial phase the successive 0GO-4 orbits 7047 and 7048
provided a measurement of the dawn-dusk asymmetry in proton precipitation.
Data from Orbit 7048 are shown in Figure 7. Qualitatively similar be-
havior was observed on Orbit 7047 except that higher intensities occurred
in the later orbit as the ring current apparently began to build up.
Although intense precipitation of 7.3 and 23.8 kev protons was observed
near A ~ 65° in the evening hours, only very weak low-energy precipitation
occurred at higher latitudes where, near dawn, high fluxes of 2.3 kev
protons were seen. This large dawn-dusk asymmetry for low-energy protons
supports the predictions of the simple field model that the lower-energy
protons are dominated by eastward electric field drift. This asymmetry
also suggests that the initial phase precipitation in the morning hours
consists of freshly injected protons rather than protons which have

drifted around the earth.
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There is some indication in the data shown in Figure‘7»that tbgL
23.8 kev precipitation boundary lies at lower latitudes than the 7:3'
kev boundary in the evehing hours, prodﬁcing a hardening pf the spédprum
at the inner boundary. The fluxes at 0.7 kev and 2.3 kev in the evgniﬁg
sector were, however, too weak for determination of a preéipitatidn
boundary for these lower energy protons. A similar hardening of the
proton energy spectrum at the lower boundary of precipitation has been

observed near midnight by Mizera et al (1972).

CONCLUSIONS
From the proton precipitation patterns observed during two magnetic
storms we infer the following qualitative behaﬁior of proton injection
during the initial phase:
(1) Injection of protons occurs in pre-dawn hours during the initial
phase of magnetic storms.
(2) Widespread proton precipitgtion occurs in pre-dawn hours up to
the plasmapause., This precipitation begins at a time between
20 minutes and 2 hours following the sudden commencement.
(3) There is a softening of the precipitated proton spectrum near
the low-latitude precipitatfon boundary in the morning hours.
(4) Near the plasmapause, protons less energetic than about 7 kev
drift eastward, while the more energetic protons drift westward.
(5) This drift motion results in widespread low-energy proton pre-
cipitation up to A > 75° in pre-dawn hours, with only very

weak fluxes above A ~ 65° in late evening hours.
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FIGURE CAPTIONS
Figure 1. Summary of conditions in the interplanetary and surface magnetic
fields on 7 May 1968. A sudden commencement occurred at 0030 UT.
Figure 2, A-MLT plots of 0GO-4 polar passes discussed herein.
| Figure 3. Differential proton fiuxes and HeT ion densities observed by
experiments on 0GO-4 during the northern polar pass of Orbit
4180 on 7 May 1968. Pblér cusp proton fluxes wére observed
near 13 hrs. MLT. All proton fluxes were measured by detectors
viewing radially outward from the earth (i.e., o ~ 0°). Note

that the 7.3 kev fluxes have been shifted upward for clarity.

Figure 4. Differential proton fluxes and He' ion densities observed by
experiments on 0GO-4 during the northern polar pass of OrBit
4181. All proton fluxes were meésured by detectoré viewing
radially outward from the earth (i.e., o Q;OO). Note that
the 7.3 kev fluxes have been shifted upward for clarity. |

Figure 5. Summary of conditions in the interplanetar; and surface mag-
-netic fields on 16 Nov. 1968. A sudden commencement occurred
at 0917 UT.

Figure 6. Differential proton fluxes observed by 0GO-4 during the northern
polar pass of Orbit 7046 on 16 Nov. 1968. Note that the 2.3
kev fluxes have been shifted upward for clarity.

Figure 7. Differential proton fluxes observed by 0GO-4 during the
northern polar pass or Orbit 7048 on 16 Nov. 1968. Note that
the 2.3 kev and 7.3 kev fluxes have been shifted upward for

clarity.
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